Abstract: A two-step method consisting of solid-state microwave irradiation and heat treatment under NH3 gas was used to prepare nitrogen-doped reduced graphene oxide (N-RGO) with a high specific surface area ( , indicating a very good rate capability. N-RGO also showed excellent cycling stability, preserving 96% of the initial specific capacitance after 100,000 cycles. Near-edge X-ray absorption fine-structure spectroscopy evidenced the recovery of π-conjugation in the carbon networks with the removal of oxygenated groups and revealed the chemical bonding of the nitrogen atoms in N-RGO. The good electrochemical performance of N-RGO is attributed to its high surface area, high electrical conductivity, and low oxygen content.
Introduction
The rapid development of energy technology in the face of increasing energy demands urgently requires sustainable energy storage solutions to address challenges from various fields. Due to their high power density and long-term cycling stability, electric double-layer capacitors (EDLCs) have been extensively explored for energy storage devices, and they have become a promising element in emerging energy applications such as high-power electronic devices, electric vehicles, and hybrid electric vehicles. [1, 2] The high power density of an EDLC is attributed to its charge-storage mechanism, which involves the reversible adsorption/desorption of ions to form a nanoscale electrical double-layer (EDL) between a carbonaceous active material and an electrolytic solution. [1] However, EDLCs have relatively low energy density, which must be improved to further expand their applications. Research has thus focused on increasing the energy density of EDLCs without sacrificing their high power density and long cycle life. Regarding electrode materials, considerable efforts have been devoted to the development of porous carbon materials with higher specific capacitance, such as activated carbon, activated carbon fibers, and carbon aerogels. [3] These porous carbon materials have large numbers of micro-and mesopores, and the specific surface areas are in the range of 1000 to 3000 m 2 g -1 . However, the specific capacitance of a porous carbon material is not strictly proportional to its specific surface area because micropores (<2 nm) are not easily accessible to electrolyte ions. [4] In addition, a decrease in electrical conductivity, which negatively affects electrochemical properties, is inevitable when more micro-or mesopores are introduced into the carbon materials. [5] Graphene has garnered tremendous research attention in the fields of sensors, energy storage, and energy conversion devices owing to the unique physical and chemical properties associated with its single-atomic-layered sp 2 carbon network. [6] In particular, considerable research in the field of energy storage devices has focused on graphene as an electrode material for EDLCs because of its beneficial characteristics: superior high surface area and electrical conductivity. [7, 8] However, most reported graphene-based electrode materials show relatively low specific capacitance compared to the theoretical value (ca. 550 F g −1 ) for single-layer graphene, supported by an intrinsic EDL capacitance of 21 μF cm −2 and a specific surface area of 2650
. [7, 9] As an electrode material for EDLCs, reduced graphene oxide (denoted by RGO) prepared by the exfoliation and reduction of graphene oxide has been extensively investigated due to its advantages of bulk-scale producibility and versatility in chemical functionalization. [10] However, the oxidation conditions used in the preparation of graphite oxide (denoted by GO) from graphite introduce a variety of defects and oxygen functional groups that disrupt the π-conjugated electronic structure of graphene and thereby degrade its electrical conductivity. The thermal/chemical reduction processes employed to reduce GO to RGO cannot completely restore this π-conjugated structure. Furthermore, the RGO sheets tend to agglomerate due to the strong π-π interactions between them during the reduction process, which thereby decreases the specific surface area. Therefore, the strategy to improve the electrochemical performance of RGO as an electrode material for EDLCs is efficient exfoliation to achieve a high specific surface area and extended recovery of the π-FULL PAPER Scheme 1. Schematic illustration of a) the overall procedure for preparing nitrogen-doped high-surface-area reduced graphene oxide sheets (denoted as highsurface-area N-RGO) as an electrode material for EDLCs, and b) details of the subsequent two-step treatment involving solid-state microwave irradiation of graphite oxide and heat treatment of RGO under NH3 gas for the high-surface-area N-RGO. conjugated structure of RGO to achieve high electrical conductivity. Heteroatom doping with nitrogen, boron, sulfur, or phosphorous is another consideration for improving the electrochemical properties by manipulating the local electronic structure of RGO, and hence, increasing the EDL capacitance and electronic conductivity.
[ , compared to a capacitance of 6 µF cm -2 without nitrogen doping. [12] Because the quantum capacitance of RGO is thought to be in series with its EDL capacitance, the specific capacitance of RGO, which is equivalent to the quantum and EDL capacitance in series, is expected to increase with increasing quantum capacitance. The nanoscale EDL that is formed between the carbonaceous active material and the electrolytic solution contributes to the specific capacitance of RGO; therefore, care should be taken to not decrease the specific surface area of the RGO during heteroatom doping. [14] However, previous studies of nitrogen-doped graphene as an electrode material for EDLCs have still faced the limitation of relatively low specific surface area. [14] To make full use of the quantum capacitance in nitrogen-doped graphene, a high surface area is necessary in order to allow the electrolyte ions to easily access the surfaces of the individual graphene sheets. In this study, nitrogen-doped RGO with a high specific surface area (1007 m 2 g −1 ), electrical conductivity (1532 S m −1 ), and low oxygen content (1.5 wt%) was synthesized using an efficient and scalable process comprising microwave irradiation and heat treatment under NH3 gas (denoted as high-surface-area N-RGO). Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy was employed to investigate the sequential recovery of the π-conjugated structure upon the removal of oxygen functional groups as well as the chemical bonding environments of the incorporated nitrogen atoms in the highsurface-area N-RGO. This study clearly demonstrates that the high specific capacitance, high rate capability, and excellent cycle stability of the high-surface-area N-RGO measured in twoelectrode cells are due to its high specific surface area, the FULL PAPER extensive recovery of its π-conjugated structure, the very low oxygen content, and nitrogen doping in the carbon network.
Results and Discussion
Scheme 1 a illustrates the synthesis of the high-surface-area N-RGO as an electrode material for EDLCs. The details of the synthesis are provided in the experimental section. We initially prepared RGO by the solid-state microwave irradiation of GO under argon atmosphere. [15] Rapid heating causes the effective thermal exfoliation of the graphite oxide, affording RGO with a high specific surface area. Among the various heating methods, solid-state microwave irradiation offers efficient and uniform heating. During microwave irradiation, the oxygenated functional groups in the GO decompose into various carbon-containing gases, which results in efficient exfoliation of graphene sheets with high surface areas. [15] In this study, three GO samples with different oxidation states were prepared to systemically investigate the effects of the oxygen functional group concentration in GO on the specific surface area of the RGO sheets prepared using the solid-state microwave irradiation treatment (Table S1 , Supporting Information). As expected, GO with a higher oxidation state, i.e., a higher concentration of oxygen functional groups between the graphene layers, yielded RGO with a higher Brunauer-Emmett-Teller (BET) specific surface area ( Figure S1 , Supporting Information). Moreover, RGO with a specific surface area as high as 794 m 2 g -1 could be prepared from the GO with the highest oxidation state (O/C ratio: 1.04) (Figure S1-S2 and Table S2 , Supporting Information). Because the RGO prepared using solid-state microwave irradiation still had a relatively high oxygen content (12.7 wt%) from the oxygen functional groups that survived the microwave treatment, [15, 16] it was subjected to another heat treatment (heating rate of 30°C min -1 to 900°C) under NH3 gas. This resulted in further exfoliation through a secondary thermal decomposition of the residual oxygen functional groups and nitrogen doping (Scheme 1 b). After the heat treatment under NH3 gas, we obtained N-RGO materials with a high specific surface area (1007 m 2 g -1
) and nitrogen dopant atoms (5.5 wt%) in the sp 2 carbon network of the RGO. Figure 1 shows the scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HR-TEM) images of the high-surface-area N-RGO. The low-magnification SEM image in Figure 1 a shows the typical accordion-or wormlike morphology characteristics of RGO prepared by thermal reduction treatments.
[17] The ultra-thin layers at the edges observed in the high-magnification SEM and TEM images in Figure 1 b and c suggest single-or few-layer graphene in the high-surface-area N-RGO. Furthermore, the selected area electron diffraction pattern in Figure 1 d shows well-defined diffraction spots in a hexagonal pattern, indicating that the basal plane in the high-surface-area N-RGO consists of mostly singleor few-layered sheets with honeycomb carbon networks. To investigate the thickness and number of stacked layers in the high-surface-area N-RGO, we carried out atomic force microscopy (AFM) in Figure S3 in Supporting Information. By the cross-sectional AFM analysis, the high-surface-area N-RGO indicated the average height difference as ~ 1.4nm, which means that the graphene sheets are stacked by one to three layers on average. To calculate the BET specific surface area, the Barrett-JoynerHalenda (BJH) pore-size distribution, and the total pore volume, we analyzed the N2 adsorption/desorption isotherms for RGO and high-surface-area N-RGO. In general, the open channels between the two-dimensional (2D) nanosheets account for most 
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of the BET surface area and pore structure of graphene-based materials. Both RGO and high-surface-area N-RGO exhibit typical type IV isotherms with type H3 hysteresis loops (Figure 2  a) (Figure 2 b) . Interestingly, the pore volume was observed to increase at pore sizes around several tens of nanometers after the heat treatment under NH3 gas at 900°C (Inset of Figure 2 b ). This increase in the pore volume might be due to additional exfoliation from the secondary thermal decomposition of the residual oxygen functional groups in RGO, which is supported by the apparent decrease in the oxygen (1) NH3 gas molecules react with oxygen functional groups in graphene sheets to form nitrogen functional groups (lactams, imides, amides, and amines) at ~300°C; (2) these nitrogen functional groups are transformed to pyrrolic-(N-5) and pyridinic-nitrogen (N-6) species at the graphene edges or defect sites at temperatures in the range of 300-500°C; and (3) a portion of the pyridinic nitrogen is converted to quaternary nitrogen (N-Q) in the honeycomb carbon network at >500°C. [18] According to this nitrogen-doping mechanism, a moderate number of oxygen functional groups in the RGO are needed for the NH3 gas molecules to selectively react and form the three types of nitrogen doping configurations, i.e., the N-5, N-6, and N-Q sites. ) for the high-surface-area N-RGO provides additional evidence of nitrogen doping in the carbon honeycomb network. [17, 20] Figure 3 c shows the full-scale X-ray photoelectron spectroscopy (XPS) spectra for RGO and highsurface-area N-RGO, which provide information about the chemical composition and bonding nature of each sample. The new peak appearing at the binding energy of ca. 400 eV (N 1s) for high-surface-area N-RGO (dashed circle in Figure 3 c) confirms that nitrogen was successfully doped into the carbon structure. Following the NH3 gas treatment at 900°C, the oxygen content decreased from 12.7 wt% for RGO to 1.5 wt% for highsurface-area N-RGO, and the nitrogen content was 5.5 wt%. The calculated C/O ratio of high-surface-area N-RGO was 59.5, which is much higher than that of previously reported graphenebased materials (Table S3 , Supporting Information). Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy for C K-edge, O K-edge, and N K-edge analysis was employed to investigate the electronic structures of these graphene-based materials. Figure 4 a shows the C K-edge NEXAFS spectra for GO, RGO, and high-surface-area N-RGO with pre-and post-edge normalization. The two main peaks near 285 and 292 eV for all samples are attributed to the transitions from C 1s to unoccupied states with π* C= C and σ* C-C characters, respectively. The low intensity of the π* feature for the GO sample indicates the substantial disruption of π-conjugation and a decrease in the size of the sp 2 domains during the oxidation step. The peaks observed in the intermediate energy region between the π* and σ* resonances can be attributed to transitions from core levels into the π* C-OH (ca. 287.0 eV), σ* C-O epoxide (ca. 287.6 eV), and π* C=O (and/or π* O=C-O) (ca. 289.5-290.6 eV) orbitals localized in functional groups at the basal planes and edges of GO. [21, 22] The relative intensities of the π* and σ* resonances (Iπ*/Iσ*) can provide a measure of the electronic structure restoration upon reduction. [23] After reduction through solid-state microwave irradiation, the Iπ*/Iσ* value is substantially increased from 0.54 to 0.97, indicating the significant recovery of π-conjugation in the RGO. The increase in the Iπ*/Iσ* value from 0.97 to 1.02 in high-surfacearea N-RGO indicates a further restoration of π-conjugation by the heat treatment under NH3 gas. A close examination of the π* resonances for each sample (inset of Figure 4 a) reveals two notable changes in the peak shapes: (i) substantial broadening and a slight shift of the centroid to higher energy upon the reduction of GO to RGO, and (ii) sharpening of the high-surfacearea N-RGO prepared by the heat treatment of RGO under NH3 gas. Lee et al. rationalized the broadening of the π* resonance in the C K-edge NEXAFS spectra of graphene oxide based on the presence of variously sized incipient conjugation domains. [24] The broadening of the π* resonance can be ascribed to the presence of a wider distribution in the π-conjugation lengths of different reduced graphene domains in the RGO. [24] Moreover, the peak can be considered as the sum or superposition of π* resonances derived from π-conjugated structures of varying lengths in a range of isolated alkene fragments to graphene-like regions with larger sp 2 domains. In contrast, the sharpening of the π* resonance in the spectrum of the high-surface-area N-RGO can be attributed to the restoration of π-conjugation, affording a more uniform sp 2 domain. [22, 25] This demonstrates that the N-doping procedure in this study is very efficient for the formation of extended and integrated sp 2 domains, which enhance the electrical conductivity.
Further corroboration for the π-conjugation restoration can be observed in the O K-edge NEXAFS spectra. Figure 4 
b (top)
shows the O K-edge spectra with pre-edge normalization, which allows us to compare the relative oxygen content in each sample. The two main peaks observed at 531-532 eV (denoted by 'A') and 537-540 eV (denoted by 'B') for all samples are attributed to the transition from O 1s to the unoccupied states with π* C=O and σ* C-O characters, respectively. [23] An additional shoulder peak at 536 eV observed for GO corresponds to O 1s transitions to σ* O-H functional groups that are eliminated after solid-state microwave irradiation. [22, 26] The edge jump intensity at 570 eV, beyond the σ* feature, is reflective of the total oxygen content in the samples. [22, 23] As shown in Figure 4 b (top), the total oxygen content from the oxygen functional groups on carbon is substantially decreased during the two-step synthesis used to prepare high-surface-area N-RGO. These results confirm that additional reduction of RGO is caused by the heat treatment under NH3 gas, which agrees with the C K-edge spectra results in Figure 4 a. To elucidate the relative changes in the electronic structure due to the oxygen functional groups during the synthesis of highsurface-area N-RGO, the O K-edge spectra were pre-and postedge normalized, as shown in Figure 4 b (bottom). While the total oxygen content decreased at each heat treatment in the two-step synthesis, the peaks 'A' and 'B' show different changes in their shapes and positions. First, peak 'A', which originates from carboxylic acid and lactone moieties in GO, is broadened after reduction by microwave irradiation. This broadening may be due to the presence of a wider distribution in the π-conjugation lengths of different domains in RGO, similar to the peak broadening of the π* resonances in the C K-edge spectra. , where the specific capacitance of each sample was calculated from the associated galvanostatic discharge results. Electrochemical impedance spectroscopy results related to the (e) Nyquist plots and (f) Bode plots for high-surface-area N-RGO and RGO.
The shift of peak 'B' from 538 to 540 eV suggests a change in the oxygen bonding structure when GO is reduced by the microwave irradiation process. Interestingly, the shape of peak 'B' shows little change after nitrogen doping, whereas peak 'A' is obviously changed into a sharp peak centered at 532.5 eV. The sharpening and slight shift of peak 'A' to a higher energy of the π* resonance in high-surface-area N-RGO may be due to the restoration of the π-conjugated structure by the introduction of nitrogen functional groups during the heat treatment of RGO under NH3 gas. Moreover, NH3 has been reported to react with carboxylic acid groups (i.e., -COOH) present on the carbon surface, forming nitrogen functional groups such as lactams, imides, amides, and amines. [27, 28] The lactams and imides are six-membered ring systems formed through the reaction of NH3 with side carboxylic acid functional groups. Further, the etherlike oxygens (i.e., C-O-C) can be converted into imine and pyridine groups through reaction with NH3. [26, 28] Therefore, the change observed for peak A suggests that the restoration of the π*-conjugated ring structure occurring at the expense of the carboxylate side groups and ether-like oxygen moieties leads to a decrease in the total oxygen content and isolated alkene fragments, which causes the broadening of the π* resonances in the C and O K-edge spectra. Taken together, the C and O Kedge spectra provide a detailed description of the recovery of the π-conjugated structure of graphene and the extensive removal of oxygen functional groups through the two-step synthesis route described in this study.
To probe the local electronic and geometric structure of the nitrogen atoms in the high-surface-area N-RGO material, the N K-edge NEXAFS spectrum was analyzed and deconvoluted, as shown in Figure 4 c. In contrast to the overlapping peaks of the XPS analysis ( Figure S4 , Supporting Information), the wellresolved features observed in the NEXAFS spectra provide a more reliable interpretation for the different local bonding environments of nitrogen. [22, 22] As shown in Figure 4 c, four distinct resonances may be observed. The three resonances observed at 400.6, 401.9, and 403.4 eV can be ascribed to the N-6, N-5, and N-Q sites, respectively. [22, 26] The broad resonance centered at 410.4 eV can be attributed to transitions from N 1s core levels to σ* levels localized on C-N bonds. [26] According to previous reports on nitrogen-doped carbon substances, the N-Q sites in nitrogen-doped carbon are well known to enhance electrical conductivity because they infuse excess electrons (higher charge-carrier density) in the honeycomb carbon networks. [28, 29] To examine the effect of nitrogen doping and the recovery of the π-conjugated system on the electrical properties of the graphene-based materials, we measured the electrical conductivities of RGO and high-surface-area N-RGO using the two-point probe method with a compressed-powder pellet ( Figure S5 , Supporting Information). A high electrical conductivity of 1532 S m -1 was obtained for high-surface-area N-RGO, which is more than two times larger than the conductivity of RGO (704 S m -1 ). In addition, the favorable combination of N-6 and N-5 sites can be very important to the enhancement of EDL capacitance. [27] Strelko et al. reported that N-5 sites improve the charge mobility in a carbon matrix by introducing electron-donor characteristics and enhancing the carbon catalytic activity in electron-transfer reactions. [27, 28, 30] The N-6 sites at the edges of the graphene layer can be considered as pyrrole-like due to the conjugation of their two p-electrons to the π-systems of the rings. [29] Hence, the pyrrole-like nitrogen FULL PAPER atoms in lactams and imides can improve the electrochemical properties of high-surface-area N-RGO. For purposes of comparison, two different graphene materials were prepared (1) by one-step solid-state microwave irradiation under NH3 gas atmosphere, and (2) by one-step heat-treatment at 900°C under NH3 gas atmosphere. The solid-state microwave irradiation treatment yielded graphene with a specific surface area of 246 m 2 g -1 and the one-step heat-treatment at 900°C
yielded graphene with a specific surface area of 425 m 2 g -1 ,
( Figure S6 , Supporting Information), while the two-step treatment could prepare graphene with a specific surface area of 1007 m 2 g -1 . Speculatively, the relatively low specific surface areas of the graphenes prepared by the one-step processes might be explained by the preferential consumption of some of the oxygen functional groups by transformation into nitrogen functional groups at low temperature (~300°C) by the nitrogendoping source. These groups cannot participate in the efficient exfoliation of the graphene sheets, because they cannot decompose into the various carbon-containing gases and generate high pressures. The low pressure of the carbon-based gases leads to low specific surface areas in the graphene materials as a result of thermally rather than pressure-driven exfoliation.
To evaluate the electrochemical properties of the graphenebased materials for EDLCs, two-electrode unit cells (2032 coin cells) were assembled using high-surface-area N-RGO and RGO. The electrochemical performance of the cells was tested using cyclic voltammetry (CV), galvanostatic chargingdischarging (GCD), and electrochemical impedance spectroscopy (EIS) in an organic electrolyte, 1 M tetraethyl ammonium tetrafluoroborate in acetonitrile (TEABF4-ACN). Figure 5 shows the electrochemical properties of high-surfacearea N-RGO and RGO as electrode materials. Each material exhibited typical rectangular cyclic voltammograms without distinct peaks in the potential window between 0 to 2.7 V at a scan rate of 10 mV s -1 in the TEABF4-ACN electrolyte, which indicates that the current response is primarily a result of the EDL formation with little contribution from pseudo-capacitive behavior at the interface between the electrode materials and electrolyte ions. However, high-surface-area N-RGO delivered higher current responses than the RGO in the potential range 0-2.7 V. Both high-surface-area N-RGO and RGO showed linear galvanostatic charging-discharging profiles at various current densities between 1 and 10 A g -1 , indicating the typical EDL capacitive behavior shown in Figure 5 b and c. The specific capacitance (Csp) of a single electrode was obtained from the discharge profiles using the following equation:
where ∆t, V, and I represent the discharge time, the potential window, and the applied current density per unit mass of a single electrode, respectively. The high-surface-area N-RGO delivered high specific capacitances of 265, 263, and 259 F g at a high current density of 50 A g -1 . The enhanced specific capacitance and rate capability of the high-surface-area N-RGObased electrode could be attributed to the increase in the electrochemically active surface area for the formation of the EDL and the nitrogen-doping effects of high-surface-area N-RGO. Figure 5 e and f show the Nyquist and Bode plots obtained from EIS analysis of the high-surface-area N-RGO and RGO electrodes. The point at which the plot intersects the real axis in the Nyquist plot ( Figure 5 e) corresponds to the equivalent series resistance, representing the ionic resistance of the electrolyte and electrical conductivity of the electrode. The equivalent series resistance (Rs) of the high-surface-area N-RGO (0.68 Ω) was lower than that of the RGO (1.79 Ω). Furthermore, we have also evaluated equivalent series resistance from the variations in IR drop against the discharge current density of two-electrode EDLC cell, as shown in Figure  S7 in Supporting Information. The series resistance (Rs) calculated from the slope of the linear correlation between the IR drop and discharge current density was 0.63 and 1.28 Ω for the high-surface-area N-RGO and RGO, respectively. The Bode plot in Figure 5 f provides useful insights into the rate capability of the carbonaceous materials. A maximum is observed at a characteristic frequency (ƒ0); the reciprocal of this frequency represents the minimum time, referred to as the time constant (τ), that can be used for charging or discharging the electrode while maintaining good capacitive behavior. The time constant for high-surface-area N-RGO was 0.5 s (ƒ0 = 1.99 Hz), which is lower than that for RGO (τ = 2.5 s; ƒ0 = 0.4 Hz), indicating that 
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high-surface-area N-RGO shows better rate capability. This is consistent with the rate capability measured in the GCD test (Figure 5 d ). An EDLC cell operating at high voltage provides great advantages in electrochemical performance related to its energy and power densities. Figure 6 shows the electrochemical properties of a two-electrode unit cell based on high-surfacearea N-RGO in an extended potential window of 3.0 V. The highsurface-area N-RGO exhibited typical rectangular cyclic voltammograms within the potential window between 0 and 3.0 V at a scan rate of 10 mV s -1 in the TEABF4-ACN electrolyte (Figure 6 a) . The specific capacitances were calculated as 291, 286, and 282 F g -1 at current densities of 1, 2, and 5 A g -1 ,
respectively (Figure 6 b) . The specific capacitance remained at 261 F g -1 even at a high current density of 50 A g -1 , which corresponds to a 90% retention versus that measured at 1 A g -1 (Figure 6 c) . Another important requirement for practical applications of EDLCs is high cycle stability. The high-surface-area N-RGO in the twoelectrode unit cell showed 96% capacitance retention after 100,000 cycles at a current density of 20 A g -1 , even in the extended potential window of 3.0 V (Figure 6 d) . The excellent cycling of the high-surface-area N-RGO electrode is attributed to its very low oxygen content (~1.5 wt%). Furthermore, the highsurface-area N-RGO was found to be electrochemically active in an electrolyte consisting of 1 M lithium hexafluorophosphate in ethylene carbonate and dimethyl carbonate ( Figure S8 , Supporting Information).
The energy E and power P densities of the high-surface-area N-RGO based on a single electrode weight in the two-electrode unit cell were calculated using the following equations and are shown in the Ragone plots in Figure 7 :
(3) where Csp, V, and ∆t correspond to the specific capacitance of a single electrode, the potential window, and discharge time, respectively. For the high-surface-area N-RGO, an outstanding energy density value of 91.0 Wh kg -1 was obtained at a current (Table S4 , Supporting Information). [7, 31] 
Conclusions
We successfully prepared an N-RGO electrode material that exhibited a high surface area (1007 m 2 g -1 ), high electrical conductivity (1532 S m -1 ), and low oxygen content (1.5 wt%) by a two-step method consisting of solid-state microwave irradiation and heat treatment under NH3 gas. In a two-electrode unit cell, the high-surface-area N-RGO electrode showed a specific capacitance of 291 F g -1 at 1 A g -1 and retained 261 F g -1 at a current density of 50 A g -1 in the organic electrolyte TEABF4-ACN, indicating a very good rate capability (potential window: 0.0-3.0 V). Furthermore, the high-surface-area N-RGO exhibited excellent cycling stability, retaining 96% of the initial specific capacitance after 100,000 cycles. The energy density of 91.0 Wh kg -1 based on the single electrode weight is the most competitive value ever reported for carbon electrodes without any pseudo-capacitive contributions. The NEXAFS analysis provided information on the recovery of the π-conjugated structure of the carbon networks with the removal of the oxygen functional groups as well as information about the chemical bonding environments of the nitrogen atoms in the high-surfacearea N-RGO. The extensive recovery of the π-conjugated structure upon nitrogen doping in the high-surface-area N-RGO enhances its electrical conductivity. The improved electrochemical properties of the high-surface-area N-RGO, particularly its high specific capacitance, rate capability, and cycling stability, are attributed to its high surface area, high electrical conductivity, and low oxygen content.
Experimental Section

Preparation of RGO by solid-state microwave irradiation
We previously reported the preparation of reduced graphene oxide (RGO) by solid-state microwave irradiation under Ar gas. [15] The chemical preparation of graphite oxide involved the oxidative treatment of pristine graphite flakes with a nominal size of 45 µm (Sigma-Aldrich), using the Hummers method with concentrated sulfuric acid (H2SO4, 95%, Samchun Chemical Co., Ltd.), potassium permanganate (KMnO4, 99%, SigmaAldrich), and hydrogen peroxide (H2O2, 35%, Junsei Chemical Co., Ltd.) in an ice bath. For the preparation of RGO by solid-state microwave irradiation, the as-prepared graphite oxide powder (90 wt%) was uniformly mixed with a small amount of as-prepared RGO, which acted as a microwave irradiation susceptor, using a ball-miller for 1 h. The mixture of graphite oxide and as-prepared RGO was placed into a quartz bottle filled with Ar gas and then tightly sealed with paraffin sealing tape in a glove box. The quartz bottle was placed in a microwave oven (Mars 5, CEM) and exposed to microwave irradiation at 1600 W in pulsedirradiation mode for 50 s (20 s on and 5 s off for two cycles).
Preparation of the high-surface-area N-RGO by heat-treatment under NH3 gas
To prepare the high-surface-area N-RGO, the as-prepared RGO was placed in an alumina tray and rapidly heated to 900°C at a heating rate of 30°C min -1 under NH3 gas atmosphere for 1 h.
Characterization methods
The microstructures were examined using scanning electron microscopy (SEM, JSM-7001F, JEOL, Ltd.), transmission electron microscopy (TEM, CM200, Philips), and high-resolution transmission electron microscopy (HRTEM, JEM-2100, JEOL, Ltd.). The thickness of the high-surface-area N-RGO sheets was examined by atomic force microscopy (AFM, Nanowizard, JPK instrument). The X-ray photoelectron spectroscopy (XPS) measurements were performed using an Omicron ESCA Probe (Omicron Nanotechnology, Taunusstein, Germany) with monochromated Al Kα radiation (hν = 1486.6 eV). Raman spectroscopy (Jobin-Yvon LabRAM HR) was performed at room temperature with a conventional backscattering geometry and a liquid-N2-cooled charge-coupled device multichannel detector. A 514.5-nm wavelength argon-ion laser was used as the light source. Nitrogen adsorption-desorption isotherms were measured on a Micromeritics ASAP ZOZO physisorption analyzer at 77 K. The surface areas were calculated using the Brunauer-Emmett-Teller (BET) method, and the pore size distributions were determined from the desorption branch using the Barrett-Joyner-Halenda (BJH) method. Elemental analysis (Thermo EA1112, Thermo Electron Corp.) was also performed to determine the chemical composition. The electrical conductivity of the samples was determined by I-V curve measurements with a disc-shaped pellet, using the two-point probe method in a cell (VMP3, Biologic). To eliminate the contact resistance contribution, samples were pressed to different thicknesses. Then, the resistance (R) was plotted against the thickness (t) of the pellet. The electrical conductivity (κ) was calculated according to the following equation:
where R, ρ, κ, t, and A are the resistance, resistivity, conductivity, pellet thickness, and area of the electrode, respectively.
The C K-edge, N K-edge, and O K-edge NEXAFS experiments were performed at the National Institute of Standards and Technology (NIST) U7A beamline located at the National Synchrotron Light Source (NSLS) of Brookhaven National Laboratory. A toroidal spherical gating monochromator with 600 lines mm -1 was used to acquire the C, N, and O K-edge data, yielding an energy resolution of approximately 0.1 eV with entrance and exit slits of 30 μm × 30 μm. The partial electron yield signal was collected using a Channeltron electron multiplier detector and normalized using the incident beam intensity obtained from the photoemission yield of a clean Au grid to eliminate the effects of beam fluctuations and monochromator absorption features. A chargecompensating electron gun was used to mitigate charging of the samples. The incident beam was set at the magic angle of 54.7° relative to the sample to eliminate the effects of preferential orientations. The C K-edge and N K-edge spectra were calibrated to an amorphous carbon mesh with a π* transition at 285.1 eV and a TN grid with an N 1s π* transition at 398 eV, respectively. The O K-edge spectra were calibrated to the 531.2 eV dip of a Au grid photoemission signal. All spectra were processed using the pre-and post-edge normalization method, as described in previously published works.
[32] The pre-and post-edge normalizations were performed using the Athena program. [33] The O Kedge spectra were only pre-edge normalized to allow the evaluation of the relative oxygen content at 570 eV, beyond the σ* feature.
The electrochemical properties of the RGO and the high-surface-area N-RGO were investigated using a CR2032 coin cell at room temperature. The graphene electrodes were prepared using the slurry with a composition of 90 wt. % of the high-surface-area N-RGO as an active material and 10 wt. % of polyvinylidene fluoride (PVDF; Aldrich) as a binder dissolved in N-methylpyrrolidone (NMP). It is to be noted that no additional conducting agent was used in the electrode preparation since the high-surface-area N-RGO is electrically conductive enough to act as a conductor as well as an active material. The slurry was uniformly casted on an etched aluminum foil using a doctor-blade at a thickness of 20 μm and then dried in a vacuum oven at a temperature of 100°C for 24 h. A 2032 coin cell, which is a symmetrical two-electrode unit cell, was assembled with the graphene electrodes with an area of 1.13 cm 2 (punched into discs with ϕ = 12 mm, and ~1 mg cm -2 of graphene) and a microporous polyethylene film (Celgard 2400) separator in an Ar-filled glove box. The electrolyte was 1 M TEABF4 dissolved in ACN or 1 M LiPF6 in EC-DMC (1:1 v/v). Charge-discharge tests and cyclic voltammetry were performed using a potentiostat/galvanostat (VMP3, Princeton Applied Research). In addition, electrochemical impedance spectroscopy (EIS) measurements were performed using the coin cell and the same potentiostat/galvanostat at AC frequencies in the 200 kHz to 10 mHz range at a 10 mV AC amplitude. Figure S6 . The N 2 gas adsorption and desorption isotherms of graphene-based materials prepared by a)
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solid-state microwave irradiation under NH 3 gas atmosphere and b) heat-treatment under NH 3 gas atmosphere at 900°C.
• 
The high-surface-area N-RGO sheets displayed typical rectangular CV curves at a scan rate of 10 mV s 
